Phthalate esters and phosphate esters in samples of indoor air from 27 houses in the Tokyo Metropolitan area were quantified using gas chromatograph/ mass spectrometer and gas chromatograph/flame photometric detector after adsorption on to charcoal and solvent extraction. The median concentrations of diethyl phthalate, dibutyl phthalate (DBP), butylbenzyl phthalate, dicyclohexyl phthalate and diethylhexyl phthalate were 0.10, 0.39, 0.01, 0.07 and 0.11 mg/m 3 , respectively. The median concentrations of tributyl phosphate, tris(2-chloroethyl) phosphate, triphenyl phosphate and tris(2-butoxyethyl) phosphate were less than 0.001 mg/m 3 . DBP was detected at the highest concentration (6.18 mg/m 3 ) in a new residential housing. This research indicated that exposure to phthalate esters through inhalation of air from the indoor environment is as important as dietary intake of phthalate esters, and can contribute to daily intake to a much greater extent than has been assumed hitherto.
Introduction
Polyvinyl chloride (PVC) is an important and frequently encountered material in everyday life. Phthalate esters are widely used as plasticizers in the production of polymeric materials such as PVC. Some of the phthalate esters are known teratogens (Singh et al., 1972) , and their estrogenic activity has recently been documented (Harris et al., 1997; Paganetto et al., 2000) . Phosphate esters have been shown to be acutely toxic to the central nervous systems of experimental animals (Tilson et al., 1990) .
Dietary intake has been considered the major route of exposure to these compounds (Sharman et al., 1994; Page and Lacroix, 1995) and little attention has been paid to exposure through inhalation. Consequently, information on the concentrations of phthalate and phosphate esters in air, particularly in indoor air, is limited (Okubo et al., 2000; Takeda et al., 2000; Sjodin et al., 2001 ). However, since PVC and other resins are extensively used as building materials, there is a possibility that indoor air can be polluted by phthalate and phosphate esters. Phthalate esters are used as plasticizers, adhesive agents and in paints, and phosphate esters are used as plasticizers and flame-retardants. The extensive usage of building materials containing phthalate and phosphate esters, together with the fact that houses are more airtight than in the past, led us to evaluate inhalation exposure to these compounds from the indoor environment.
The objective of the research presented in this paper was to measure the concentrations of phthalate and phosphate esters in contemporary Japanese houses by previously developed analytical methods (Otake et al., 2001) and to evaluate the inhalation exposure to these compounds in relation to total daily exposure level.
Experimental
The methods for sampling and analysis of organic esters in indoor air are published (Otake et al., 2001 ) and only brief descriptions are given here.
Chemicals
The chemicals used in this research are listed in Table 1 . They were dissolved in toluene (for pesticide residue and PCB analysis, purchased from Kanto Chemicals, Japan) to provide stock standard solutions.
Instrumentation and Analysis
Gas chromatograph/mass spectrometer (GC/MS) was used for the analysis of phthalate esters and gas chromatograph/ flame photometric detector (GC/FPD) was used for the quantitative analysis of phosphate esters. The instrumental and analytical conditions are shown in Table 2 .
Sampling
Phthalate and phosphate esters in indoor air were sampled by passing the air through a glass tube containing charcoal granules (SKC Anasorb CSC sorbent sample tubes). The tube was composed of two charcoal layers F a sampling layer and a breakthrough layer that contained 100 and 50 mg of charcoal, respectively. The air at a flow rate of 1000 ml/ min, approximately 3 days for a single sampling, was sampled. Thus, approximately 4.3 m 3 of indoor air was passed through the charcoal tube using an Air Check 2000 (SKC) pump with a STANCOR AC adapter.
Organic esters adsorbed in the charcoal tube were extracted into 1 ml of toluene by ultrasonication at 24 kHz for 10 min. The ultrasonic bath used was W-113 MK-2 (Honda Electronics Co., Japan). After extraction, toluene was separated from the charcoal by centrifugation (3000 rpm Â 5 min).
The performance of the analytical method can be summarized as follows: The instrumental lower limit of determination (ILL) was 2.5 -5 pg for phthalate esters and 5 pg for phosphate esters. ILL is defined as the minimum absolute amount of the analyte at which point the calibration curve lost linearity. The precision of the analyses, represented as relative standard deviations (RSDs) at 0.1 mg/ml, was less than 10% for all of the organic esters except DBP. The mean recoveries of phthalate esters from charcoal were greater than 94.1%. On the other hand, the mean recoveries of phosphate esters from charcoal were lower, viz., 19-80%. Recovery of organic esters in laboratory air matrix was assessed. After simultaneous sampling of laboratory air into six tubes, three of the tubes were spiked with a known amount of phthalate (2 mg) and phosphate esters (1 mg). Table 3 shows the recovery of organic esters spiked to charcoal tubes, which had sampled 4.3 m 3 laboratory air prior to spiking. Recoveries of phthalate and phosphate esters from coexisting matrices of indoor air were greater than 80% for most compounds when the recovery correction based on the results of recovery rate from charcoal was applied. The aims of this test were to evaluate analytical precision and to determine if the coexisting matrixes of indoor air interfere with the adsorption, extraction, GC separation and detection of these compounds. According to the results presented above, phthalate and phosphate esters in indoor air at concentrations 0.6 Â 10 À3 -23.3 mg/m 3 can be accurately determined with a precision of B10% for most of the compounds.
Analysis of Indoor Air
Approximately 4.3 m 3. of indoor air was sampled from each of 27 houses (Houses 1-27) in the Tokyo Metropolitan area. These 27 houses are residences of the staffs and students of our department and others. A total of 10 houses were detached single family houses and others were apartment houses. Of these, one house was newly built and still unoccupied. Samplings in spring were performed for three consecutive days between April 10 and May 12 in the year 2000 (Houses 1-6). Samplings in autumn were also performed for three consecutive days between October 3 and December 3 in the year 2000 (Houses 7-27). The height of sampling from the floor was not specified. We requested that the occupants of the houses ventilate the sampling areas according to their usual practice. The samples were extracted and analyzed as outlined above.
Results and discussion
Indoor Air Sampling Table 4 shows the means, standard deviations (SDs), median values and minimum and maximum concentrations of phthalate and phosphate esters in the indoor air of the 27 houses under investigation. Box plots of the concentrations of phthalate and phosphate esters in indoor air are shown in Figures 1 and 2 , respectively. Phosphate esters were detected less often and at a lower concentration than phthalate esters. Of the phthalate esters analyzed, DBP and DEHP was detected frequently and at a higher concentration than the other compounds. The concentrations of phthalate and phosphate esters in indoor air varied widely from one house to another. The mean concentration of phthalate esters was almost the same as those previously reported in Japan (Okubo et al., 2000; Takeda et al., 2000) , except that we found the maximum concentration of DBP to be higher than those reported.
The DBP and DEHP concentrations in outdoor air were reported to be 1.7 and 2.0 ng/m 3 in Sweden, respectively (Thuren and Larsson, 1990) . In Japan, ambient concentrations of DBP and DEHP were reported to be 0.022 and 0.016 mg/m 3 throughout the country, respectively (Environmental Agency of Japan, 1999). The outdoor concentrations are about 100-1000 times lower than the present indoor results. This strongly indicates that the emission sources are present in the indoor environment, and is consistent with our assumption. The highest concentration observed (6.18 mg/m 3 ) was for DBP in House 19. This house was newly built and still unoccupied at that time. DBP was detected in the kitchen, which had been furnished with wooden flooring, and had the ceiling and walls covered with vinyl cloth. We assume that the vinyl cloth or paint may be the source of DBP and DEHP, taking into consideration the general usage of these compounds in Japan. Further research is needed to specify the emission source and to reduce the possibility of exposure to DBP through inhalation in this house.
Spearman's correlation analysis was employed to evaluate the inter-relationships of the concentrations of the organic ester compounds analyzed in this study. A significantly positive correlation was found for DBP-DEHP (r ¼ 0.76, Po0.01) and DCHP-DEHP (r ¼ 0.46, Po0.05) (Figures 3  and 4) . Two explanations may be offered for these significant correlations. First, there might be a common emission source for the compounds F a mixture of the compound might be used as a plasticizer in the vinyl cloth or in the paints.
Second, it is possible that the emission sources were different. If this is the case, the correlation can be explained by postulating that a house with a phthalate ester emitting material is likely to contain other such materials. DBP is mainly used as an auxiliary agent for the coating film of paint and DEHP is mainly used as a plasticizer in PVC (Personal communication from the Japan Plasticizer Industry Association). Since these compounds are not used as mixtures, we assume that the emission source was different in each case. Therefore, the latter possibility is more likely.
Comparison of Inhalation Exposure with Dietary Intake
It has been generally believed that dietary intake is the major pathway of exposure to phthalate esters. This may result from the fact that the outdoor air concentrations of phthalate esters were low (Hoff and Chan, 1987; Thuren and Larsson, 1990) . However, as has been found in the present study, indoor air concentrations of phthalate esters were higher by three orders of magnitude than the outdoor level; therefore, it is necessary to evaluate inhalation exposure from indoor air in relation to the total dietary intake.
If we consider the maximum indoor DBP concentration (6.18 mg/m 3 ), the exposure from indoor air amounts to 6.18 Â 22 m 3 ¼ 136 mg/day when we assume an average inhalation of 22 m 3 air per person daily (International Commission on Radiological Protection, 1974). If we take the mean (0.75 mg/m 3 ) or the median value (0.39 mg/m 3 ), then the corresponding values will be 15 and 7.8 mg/day, respectively. These estimates of exposure through inhalation are to be compared with a reported dietary intake of 14.3 mg/ day in Japan based on a duplicated portion study (Tsumura et al., 2001 ). When we compare inhalation exposure data with Japanese dietary intake data, maximum inhalation exposure is more than the dietary intake.
The dietary intake level of DBP has been estimated to be 7 mg/kg/day based on Canadian data (World Health Organization, 1997). If we assume an average body weight of 64 kg (International Commission on Radiological Protection, 1974), then the dietary intake of DBP can be calculated to be 448 mg/day. Thus the maximum inhalation exposure can be approximately 30% of the dietary intake, or 20% of the total intake, of DBP, although the average (median) level of exposure is less than 2% of that through the diet.
These comparisons indicate the possible significance of the contribution of phthalate esters contained in indoor air to total exposure. Based on the lowest-observed-adverse-effect-level (LOAEL) for reproductive and developmental toxicity of DBP in rats, a reference dose (RfD) of 66 mg/kg/day has been suggested (Foster et al., 2000) . This RfD corresponds to 4.2 mg/day for a 64 kg adult. The intake level of DBP is calculated to be 150 mg inhalation based on Japanese dietary intake estimation, and 580 mg based on Canadian estimate. These estimates correspond to 4-14% of the RfD; however, we have to consider that the proposed RfD is based on the LOAEL of oral exposure. Orally taken phthalate esters are metabolized to their monoesters that are subsequently oxidized and/or glucuronated in the liver after absorption, rendering phthalate esters less toxic. However, inhaled phthalate esters can circulate and reach target organs in intact form; thus, inhalation exposure may exhibit more toxicity than oral exposure. It may, therefore, be more feasible to distinguish inhalation and oral exposure level in the risk assessment.
Conclusions
The concentrations of phthalate and phosphate esters in indoor air have been measured in 27 houses in the Tokyo Metropolitan area. Elevated concentrations of phthalate esters were detected and the concentration was higher than the ambient level by three orders of magnitude. The comparison with reported dietary intake indicated the relative significance of indoor air inhalation in the total exposure level. Although the estimated total exposure level was less than the suggested RfD, reduction of inhalation exposure seemed desirable. To reduce exposure to organic esters in indoor air, the development of a methodology to specify the emission sources is warranted.
